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Edited by Horst FeldmannAbstract Coherence of the time structure of growing organisms
depends on a metronome-like orchestration. In a continuously
perfused culture of Saccharomyces cerevisiae the redox state
of the cell shows a temperature-compensated oscillation manifest
in respiratory cycles, which are measured by continuous and non-
invasive electrodes of probes such as dissolved oxygen and probes
such as ﬂuorometric NAD(P)H. Although the entire transcrip-
tome exhibits low-amplitude oscillatory behaviour, transcripts
involved in the vast majority of metabolism, stress response, cel-
lular structure, protein turnover, mRNA turnover, and DNA syn-
thesis are amongst the top oscillators and their orchestration
occurs by an intricate network of transcriptional regulators.
Therefore cellular auto-dynamism is a function of a large ensem-
ble of excitable intracellular components of that self-organized
temporally and spatially that encompasses mitochondrial, nucle-
ar, transcriptional and metabolic dynamics, coupled by cellular
redox state.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The importance of cyclic mechanisms at every level in the
organization of living organisms has been long evident [1].
An obsessive pre-occupation with homeostatic regulation [2]
has however obscured the basic autodynamic principles that
deﬁne the living state [3]. As non-invasive methods achieve
greater sensitivity and speciﬁcity as well as faster response time
for studies of intact organisms and cells, it becomes evident that
steady-state operation is rare [4]. Ideas that the progression of
the cell division cycle may be regulated by thiol–disulﬁde inter-
conversion dates back to 1931, when it was shown that the total
acid-soluble thiol levels in synchronously dividing sea urchin
eggs, as measured by the nitroprusside reaction, varied cycli-
cally each inter-division time [5]. In a similar system, the rapidAbbreviations: CCCP, m-chlorocarbonycyanide phenylhydrazone; S13,
5-chloro-3-t-butyl-2-chloro-40-salicylhydroxamic acid; ROS, reactive
oxygen species
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tion, were shown to be characterized by a changing thiol/disul-
ﬁde ratio thought to be the glutathione redox couple [6,7]. In a
formal model, a limit cycle oscillator was postulated [8] to ac-
count for the cell division cycle, where the state variables are
XSH and XSSH, and where both low mol. wt. thiols and pro-
tein sulfhydryl groups are implicated. Thus at any time in the
cycle, the state of the organism will be represented by a unique
combination of the reduced and oxidized forms of thiol redox
buﬀering capacity. Subsequent emphasis on the importance
of the intracellular redox state as a central principle of bioener-
getics, accompanied by direct access to its measurement by con-
tinuous monitoring of NAD(P)H ﬂuorescence [9,10] even at the
single cell level [11] has produced an extensive literature on bac-
teria, lower eukaryotes, plants as well as animal tissues and
cells.
Although biochemical redox oscillations have been observed
in many systems, temperature-compensation of the period de-
ﬁnes a special class of oscillators that are especially relevant as
timekeepers [12]. Unlike glycolytic oscillations, where Q10 val-
ues as high as 3 were noted in experiments with suspensions of
intact yeasts [13], some respiratory oscillations in mitochon-
dria in situ in Acanthamoeba castellanii were characterized as
ADP-controlled [14] and with a Q10 close to unity [15].
The oscillating respiration observed in continuous cultures
of the budding yeast, Saccharomyces cerevisiae has a circa-40
min period (Fig. 1). Here growth (the mean cell cycle time) is
controlled by the dilution rate with inﬂowing growth medium
[16,17], but the respiratory oscillation shows timekeeping char-
acteristics [18], in that step-wise changes of temperature reveal
temperature-compensated periodicity. The nicotinamide nucle-
otide [19] and glutathione [20] pools oscillate with distinct
phase-relationships with the respiratory cycles, as do mito-
chondrial energy states [21,22]. Conserved signalling pathways
are implicated as indicated by the period-lengthening eﬀects of
Li+ [23] and phase shifting by H2S [24]. Cell–cell communica-
tion involves acetaldehyde as an extremely mobile (highly dif-
fusible) but evanescent (oxidizable) secreted metabolite [25] as
well as other small molecules with similar characteristics.
Genome-wide expression levels revealed the pervasive nature
of the 40 min time-frame [26], where the entire transcriptome
showed a low amplitude oscillation. Transcripts either maxi-
mally expressed the oxidative (low respiration; 10% of all
transcripts) or the reductive (high respiration; 90% of all
transcripts) states of the cycle. Therefore, gene expression
shows two major blocks of redox superclusters that extend be-
yond central metabolism and mitochondrial energetics to otherblished by Elsevier B.V. All rights reserved.
Fig. 1. The respiratory oscillation found during continuous growth of Saccharomyces cerevisiae. Measured outputs include S-phase (top panel;
[DNA] 120 through 160); the contour plot was constructed from 64 ﬂow cytometry histograms. Continuous online parameters include NAD(P)H,
H2S, O2 Uptake (OUR), and CO2 Excretion (CER) rates, and derived respiratory quotient (RQ). The grey vertical lines indicate the sampling
interval. Acetaldehyde oscillates 180 out of phase with dissolved oxygen [17]. The measurements used methods outlined previously [17,24,26,45].
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peroxisome functions and protein regulation, RNA and
DNA synthesis, repair and turnover.
Of the core transcripts, 35% have a signiﬁcant sequence
homology to higher eukaryotes; this suggests that what we ob-
serve is a basic universal necessity to provide temporal coher-
ence of all higher living systems. At its core is the oscillatory
intracellular redox state, but the entire intracellular reaction
network entrains to this fundamental rhythm.2. Mitochondrial respiratory dynamics
The respiratory oscillations in yeast growing in continuous
culture represent a high-amplitude variation in the structure
and function of the organelles [21,22]. The mechanism hadbeen previously elucidated in the cell-division synchronized
cultures of the soil amoeba, A. castellanii, where measure-
ments of adenine nucleotide pools clearly indicated a process
of in vivo mitochondrial respiratory control (i.e. restriction
of respiratory chain activity by the availability of ADP,
which in turn depends on biosynthetic ATP utilization rates)
[14]. This research led to the suggestion that the control of
mitochondrial respiratory rates lies in an epigenetic control
circuit with a slow (s = 69 min for A. castellanii) dynamic.
Thus the mitochondria dance to a ‘‘slow drum beat’’ played
elsewhere [12]. The yeast system obeys similar rules, but in
this case the ultradian period is about 40 min, again the ob-
served cycles are dictated by the slower time-scales of the
energy-requiring processes of biosynthesis, so that the chang-
ing respiration rates we observe in cultures of the growing
cells is a consequence of the ultradian clock-driven cycles
2832 D. Lloyd, D.B. Murray / FEBS Letters 580 (2006) 2830–2835of energy demand [21]. Inner mitochondrial membranes
show structural changes typical of alternating states of
ADP-driven energization and ‘‘resting’’ phases, as well as
mitochondrial membrane potential and redox changes of
respiratory chain components (e.g. NADH) [21,22]. Addition
of compounds that uncouple energy conservation from
electron transport (protonophores such as 5-chloro-3-t-
butyl-2-chloro-4 0-salicylhydroxamic acid (S13) or m-chloro-
carbonycyanide phenylhydrazone (CCCP)) to the continuous
culture (Fig. 2) conﬁrms that resetting of the respiratory
oscillations at low concentrations occurs. At higher concen-
trations these treatments synchronize cell-division events
[27]. At even higher protonophore concentrations cell cycle
delay becomes evident. These data conﬁrm that control of
mitochondrial activities in situ does not reside primarily in
the mitochondria themselves, as the cycles of mitochondrial
energization (s circa 40 min) are at least two orders of mag-
nitude slower than for isolated organelles (s typically mea-
sured in seconds), rather the mitochondria in situ are
enslaved by slower processes.Fig. 2. (A) Eﬀects of addition of 5 lM CCCP (at arrow) on subsequent traje
experiment using 4 lM S13. (C) Eﬀects of addition of 5 lM CCCP on con
synchronization to the cell division cycle [27].3. Oxidative stress and signalling by reactive oxygen species
(ROS)
Although cytochrome c oxidase, the terminal mitochondrial
electron acceptor, is responsible for the eﬃcient and safe 4 elec-
tron reduction of O2 to H2O, a by-product is H2O2, accounting
for about 0.1% of total O2 consumption in mitochondria
[28,29]. Two sites for ‘‘electron leakage’’ along the respiratory
chain have been highlighted. These are at Sites I and III, and
are assigned to the transient exposure of autoxidizable FeS
clusters [30] and semi-ubiquinone [31] to intracellular O2.
Whereas the former source of ROS yields predominantly intra-
mitochondrial radicals, the latter produces ROS throughout
the cellular matrix [32]. Other sites include the reduced nicotin-
amide nucleotide-driven plasma membrane and endoplasmic
reticulum electron transport chains, peroxisomes and by cyto-
chrome P450 [33]. Reactions of ROS include their own inter-
conversions, reaction with NO to form the highly reactive
peroxynitrite and the peroxidation of membrane lipids, both
low mol. wt. and protein thiols, and nucleic acids [34].ctory of dissolved O2 in a continuous of S. cerevisiae. (B) An identical
tinuous culture of S. cerevisiae previously in a state of spontaneous
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of mitochondrial energy generation. Levels of reactive O2 spe-
cies (O2 , H2O2, HO and
1O2) change cyclicly on a 40 min time-
base, as the ultradian coordination unfolds. This occurs as a
result of the inherently ‘‘leaky’’ electron transport reactions
of the respiratory chain [28]. However, in higher eukaryotes,
animals and plants, ROS have diverse signalling roles and con-
vey pivotal intracellular informational, e.g., cardiomyocyte co-
ordination [35]. They also induce or suppress gene expression,
activate signalling cascades and induce apoptosis [36].
In yeast, we have integrated the observations of ultradian cy-
cles of mitochondrial respiration, production of ROS and the
hypothesis of a ﬁnite lifetime of the organism being determined
by a deﬁnite number of the circa-40 min periods [37]. Apopto-
sis has been observed in yeasts [38,39] as has ultradian cycling
of sensitivity to H2O2 [40].4. The chromosome cycle
Uncontrolled release of ROS during respiration would
wreak havoc on cellular processes were it not for the intricate
systems of defences that have been developed. The physical
separation provided by intracellular compartmentalization
and an array of antioxidant and enzymic defences provide
eﬀective mechanisms by which this occurs. However, a further
measure of protection is aﬀorded by the temporal compart-
mentalization of incompatible processes. The pronounced sen-
sitivity of nucleic acids to oxidative damage, especially whenFig. 3. A simpliﬁed scheme of the co-ordination of the clock. Depending on t
array are tripped to activate mRNA production for the reductive (Rout) o
compounds known to alter the phase and period of the oscillation are reacti
respiratory activity (RESP); H2S that cause respiratory inhibition and GSH
RSA; acetaldehyde (ACAL) is a phase resetting compound that is known to
and respiratory ethanol utilization. The colours represent the phase of occurr
oscillation in dissolved oxygen concentration.the double helix is exposed during S-phase, illustrates this prin-
ciple, whereby a temporal window opens over a 15–20 min
time-frame within the respiratory cycle. This can be visualized
by monitoring the chromosome cycle using ﬂow cytometry
(Fig. 1; contour plot); DNA synthesis in a cohort of cells
(8%) begins at the transition between the oxidative and the
reductive phase, i.e. when oxygen uptake rates are at a
minimum and ﬁnishes just prior to the end of the reductive
phase [26]. In S. cerevisiae the tight coupling between the
chromosome cycle, cellular reduction state and respiration,
also involves a large burst in biosynthesis of both small and
macro-molecules, which appears to be regulated at a transcrip-
tional level by the sulfur regulation. Thus a burst of antioxi-
dant such as hydrogen sulﬁde and GSH heralds the onset of
G1–S phase transition and the bulk of RNA synthesis (Fig. 3).5. Evolutionary origins of ultradian temporal organization
The reciprocal relationships between the production of H2S
in the extramitochondrial cytosolic compartment and its oxi-
dation by mitochondria has been demonstrated in the ciliated
protozoon, Tetrahymena pyriformis [41], and respiratory utili-
zation of H2S as a electron donor also occurs in the soil amoe-
ba, A. castellanii [42]. It has been suggested that the
relationship of mitochondria to their cytoplasmic environment
may best be understood in an evolutionary context [41] as an
ancient syntrophy between the acquired symbiotic a-Proteo-
bacterial purple sulfur bacteria capable of oxidising H2She phase of the cycle the reductive (RSA) or the oxidative (OSA) sensor
r oxidative (Oout) processes, respectively. The intrinsically produced
ve oxygen species (ROS) which trips the OSA and are generated from
which are both involved in reducing the cellular environment, trips the
interact with thiols and ROS, and is the product of glyoclytic (GLYC)
ence of the event. 0 is the minimum value of the ﬁrst derivative of the
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dence for an Archaeal-derived nucleo-cytoplasm in presentday
eukaryotes continues to accumulate [43,44]; this organism it is
postulated was a H2S producer. In yeast, temporal separation
of redox states by ultradian cycling echoes this ancestral rela-
tionship in the enslaved mitochondria and provides more eﬀec-
tive compartmentalization, as well as other beneﬁts of
protection of ROS-sensitive processes.6. Conclusions and further work
Temporal coherence of growing organisms depends on a
metronome-like orchestration. The cellular network self-orga-
nizes, thereby producing a temperature-compensated oscilla-
tion orchestrated by the cyclical redox state change. These
redox-cycles can be readily measured by measuring parameters
such as dissolved oxygen or NAD(P)H, continuously and non-
invasively by means of immersed probes. The metabolic and
transcriptional organization of carbon, sulfur and nitrogen
incorporation, mitochondrial communication, mRNA turn-
over and protein turnover involves the coupling of numerous
transcriptional feedforward mechanisms with proteomic and
metabolic feedback control leading to small sub-graphs with
a potential to oscillate, i.e. autodynamic performance. An
ensemble of these autodynamic sub-graphs are coupled
through metabolic, transcriptional and protein levels creating
a landscape that self organizes, in yeast within a circa-40 min
time-frame. Perhaps the major function of this system is to
partition potentially damaging processes from sensitive bio-
synthetic events, where bursts of pro- and anti-oxidants are
produced out-of-phase every cycle. These bursts are essential
for network and population coherence, signalling the events
that lead to the redox state changes of the cell. ROS feed onto
some of the most promiscuous transcription factors (the YAP
family of sensors and Skn7 two component system), indeed
thiol-speciﬁc reagents or NO+ release produce damped oscilla-
tions [45]. Although it is diﬃcult to speciﬁcally alter ROS gen-
eration and thiol redox states independently as they are so
intimately coupled, it is apparent that the cellular network
coherence is stubbornly-defended and maintained during
experimental perturbation. It will be a major challenge to elu-
cidate the molecular mechanisms involved as the phenomena
involve a large part of the cellular network, perhaps more chal-
lenging will be to produce more detailed formal models.
Although we have not made such intensive investigations
with organisms other than S. cerevisiae, we have demonstrated
ultradian clock-driven respiratory cycles in synchronous cul-
tures of two other yeasts (Schiziosaccharomyces pombe and
Candida utilis), and in six other lower eukaryotic species (pro-
tozoa) [46]. Thus we have evidence that the ultradian time base
is a widely occurring necessity for the coordination and coher-
ence of living processes, rather than a curiosity only found in
yeast. In fact it may well occur in all organisms and in all cells
and at all times as a universal mechanism.
Acknowledgements: D.L. received an AIST visiting Professorship with
Dr. Hiroshi Kuriyama who initiated these studies. D.B.M. acknowl-
edges the support of the Royal Society (UK), the agency of Industrial
Science and Technology (Japan) and the Beckman Institute (USA) for
supporting this work. DBM is currently funded by SORST Program
(Japan Science and Technology Agency) and Genome NetworkProgram (Ministry of Education, Sports, Culture, Science and Tech-
nology: MEXT) for SBI, 21st Century Center for Excellence Program
and Special Coordinate Fund (MEXT) for Keio University.References
[1] Krebs, H.A. and Baldwin, J.E. (1981) The evolution of metabolic
cycles. Nature 291, 381–383.
[2] Lloyd, D., Aon, M. and Cortassa, S. (2001) Why homeodynam-
ics, not homeostasis? The Scientiﬁc World 1, 133–145.
[3] Lloyd, D. and Gilbert, D.A. (1998) Dynamics of the cell division
cycle. in: Light, Time and Microbes. Symp. Soc. Gen. Microbiol.
56, 251–278.
[4] Lloyd, D. and Murray, D.B. (2005) Ultradian metronome:
timekeeper for orchestration of cellular coherence. Trends
Biochem. Sci. 7, 373–377.
[5] Rapkine, L. (1931) Chemical processes during cellular division.
Ann. Physiol. Physicochem. Biol. 7, 382–412.
[6] Mano, Y. (1977) Interaction between glutathione and the
endoplasmic reticulum in cyclic protein synthesis in sea urchin
embryos. Dev. Biol. 61, 273–286.
[7] Mano, Y. (1975) Systems constituting the metabolic sequence in
the cell cycle. BioSystems 7, 51–65.
[8] Sel’kov, E.E. (1970) Two alternative, self-oscillatory stationary
states in thiol metabolism – two alternative types of cell division –
normal and malignant ones. Biophysica 15, 1065–1073.
[9] Harrison, D.E.F. and Chance, B. (1970) Fluorimetric technique
for monitoring changes in the level of reduced nicotinamide
nucleotides in continuous cultures. Appl. Microbiol. 19, 446–450.
[10] Chance, B. (2004) Mitochondrial redox state, monitoring, discov-
ery and deployment in tissue. Methods Enzymol. 386, 361–370.
[11] Chance, B., Pye, E.K., Ghosh, A.K. and Hess, B. (1973) In
Biological and Biochemical Oscillators, Academic Press, New
York.
[12] Lloyd, D. and Edwards, S.W. (1984) Epigenetic oscillations
during the cell cycles of lower eukaryotes are coupled to a clock.
Life’s slow dance to the music of time in: Cell Cycle Clocks
(Edmunds, L.N. Jr.Jr., Ed.), pp. 27–46, M. Dekker, New York.
[13] Chance, B., Estabrook, R.W. and Ghosh, A.K. (1964) Damped
sinusoidal oscillations of cytophasmic reduced pyridine nucleo-
tides in yeast cells. Proc. Natl. Acad. Sci. USA 51, 1244–1251.
[14] Edwards, S.-W. and Lloyd, D. (1978) Oscillations of respiration
and adenine nucleotides in synchronous cultures of Acanthamoeba
castellanii: mitochondrial respiratory control in vivo. J. Gen.
Microbiol. 108, 197–204.
[15] Lloyd, D., Edwards, S.W. and Fry, J.C. (1982) Temperature
compensated oscillations in respiration and cellular protein
content in synchronous cultures of Acanthamoeba castellanii.
Proc. Natl. Acad. Sci. USA 79, 3785–3788.
[16] Satroutdinov, A.D., Kuriyama, H. and Kobayashi, H. (1992)
Oscillatory metabolism of Saccharomyces cerevisiae in continuous
culture. FEMS Microbiol. Lett. 98, 261–268.
[17] Keulers, M., Satroutdinov, A.D., Suzuki, T. and Kuriyama, H.
(1996) Synchronization aﬀector of autonomous short-period
sustained oscillation of Saccharomyces cerevisiae. Yeast 12, 673–
682.
[18] Murray, D.B., Roller, S., Kuriyama, H. and Lloyd, D. (2001)
Clock control of ultradian respiratory oscillation found during
yeast continuous culture. J. Bacteriol. 183, 7253–7259.
[19] Lloyd, D. and Murray, D.B. (2000) Redox cycling of intracellular
thiols: state variables for ultradian, cell division cycle and
circadian cycles in: Redox Behaviour of Circadian Systems
(Vanden Driessche, T., Guisset, J.-L. and De Vries, G.P., Eds.),
pp. 85–94, Kluwer, Amsterdam.
[20] Murray, D.B., Engelen, F.A.A., Lloyd, D. and Kuriyama, H.
(1999) Glutatione regulates respiratory oscillation in Saccharomy-
ces cerevisiae continuous culture. Microbiology 145, 2739–2745.
[21] Lloyd, D., Salgado, E.L.J., Turner, M.P. and Murray, D.B.
(2002) Respiratory oscillations in yeast: clock-driven mitochon-
drial cycles of energization. FEBS Lett. 519, 41–44.
[22] Lloyd, D., Salgado, E.L.J., Turner, M.P., Suller, M.T.E. and
Murray, D. (2002) Cycles of mitochondrial energization driven by
the ultradian clock in a continuous culture of Saccharomyces
cerevisiae. Microbiology 148, 3715–3724.
D. Lloyd, D.B. Murray / FEBS Letters 580 (2006) 2830–2835 2835[23] Salgado, L.E.J., Murray, D.B. and Lloyd, D. (2002) Some
antidepressant agents (Li+, monoamine oxidase type A inhibi-
tors) perturb the ultradian clock in Saccharomyces cerevisiae.
Biol. Rhythm Res. 33, 351–361.
[24] Sohn, H.-Y., Murray, D.B. and Kuriyama, H. (2000) Ultradian
oscillation of Saccharomyces cerevisiae: H2S mediates population
synchrony. Yeast 16, 1185–1190.
[25] Murray, D.B., Klevecz, R.R. and Lloyd, D. (2003) Generation
and maintenance of synchrony in Saccharomyces cerevisiae in
continuous culture. Exp. Cell Res. 287, 10–15.
[26] Klevecz, R.R., Bolen, J., Forrest, G. and Murray, D.B. (2004) A
genome wide oscillation in transcription gates DNA replication
and cell cycle. Proc. Natl. Acad. Sci. USA. 101, 1200–1205.
[27] Lloyd, D. (2003) Eﬀects of uncoupling of mitochondrial energy
conservation on the ultradian clock-driven oscillations in Sac-
charomyces cerevisiae continuous culture. Mitochondrion 3, 139–
146.
[28] Boveris, A. and Chance, B. (1973) The mitochondrial generation
of hydrogen peroxide. General properties and eﬀect of hyperbaric
oxygen. Biochem. J. 134, 707–716.
[29] Hansford, R.G. and Mildaziene, V. (1997) Hogue and dependence
of H2O2 formation by rat heart mitochondria on substrate
availability and donor age. J. Bioeng. Biomemb. 29, 89–95.
[30] Cadenas, E., Boveris, A., Ragan, C.I. and Stoppani, A.O.M.
(1977) Production of superoxide radicals and H2O2 by NADH
ubiquinone reductase and ubiquinone cytochrome c reduction
from beef heart mitochondria. Arch. Biochem. Biophys. 180, 248–
257.
[31] Ksenzenko, M., Konstantiov, A.A., Khomotov, G.B., Tikonov,
A.N. and Ruuge, E.K. (1983) Eﬀect of electron transport
inhibitors on superoxide generation in the cytochrome bc1 site
of the mitochondrial respiratory chain. FEBS Lett. 155, 19–23.
[32] Aon, M.A., Cortassa, S., Marba´n, E. and O’Rourke, B. (2003)
Cell oscillations in mitochondrial metabolism triggered by a local
release of reactive oxygen species in cardiac myocytes. J. Biol.
Chem. 278, 44735–44744.
[33] Jezˇek, P. and Hlavata´, L. (2005) Mitochondria in homeostasis of
reactive oxygen species. Int. J. Biochem. Cell. Biol. 37, 2478–2503.
[34] Packer, M.A., Porteous, C.M. and Murphy, M.P. (1996) Super-
oxide formation in the presence of nitric oxide forms peroxyni-
trite. Biochem. Mol. Biol. Int. 40, 527–534.[35] Aon, M.A., Cortassa, S., Akar, F.G. and O’Rourke, B. (2006)
Mitochondrial criticality: a new concept at the turning point of
life or death. Biochim. Biophys. Acta 1762, 232–240.
[36] Hancock, J.T., Desikan, R. and Neill, S.J. (2001) Role of reactive
oxygen species in cell signalling pathways. Biochem. Soc. Trans.
29, 345–350.
[37] Lloyd, D., Lemar, K.M., Salgado, L.E., Gould, T.M. and
Murray, D.B. (2003) Respiratory oscillations in yeast: mitochon-
drial reactive oxygen species, apoptosis and time, a hypothesis.
FEMS Yeast Res. 3, 333–339.
[38] Madeo, F., Fro¨lich, E. and Fro¨lich, K.U. (1997) A yeast mutant
showing diagnostic markers of early and late apoptosis. J. Cell
Biol. 139, 729–734.
[39] Lemar, K.M., Mu¨ller, C.T., Plummer, S. and Lloyd, D. (2003)
Cell death mechanisms in the human opportunistic pathogen,
Candida albicans. J. Eukaryot. Microbiol. 50 (Suppl.), 685–686.
[40] Wang, J., Liu, W., Uno, T., Tonozuka, H., Mitsui, K. and
Tsurugi, K. (2000) Cellular stress responses oscillate in synchro-
nization with the ultradian oscillation of energy metabolism in the
yeast, Saccharomyces cerevisiae. FEMS Microbiol. Lett. 189, 9–
13.
[41] Searcy, D.G. (2003) Metabolic integration during the evolution-
ary origin of mitochondria. Cell Res. 13, 229–238.
[42] Lloyd, D., Kristensen, B. and Degn, H. (1981) Oxidative
detoxiﬁcation of hydrogen detected by mass spectrometry in the
soil amoeba, Acanthamoeba castellanii. J. Gen. Microbiol. 126,
167–170.
[43] Woese, C.R. (1987) Bacterial evolution. Microbiol. Rev. 51, 221–
271.
[44] Searcy, D.G., Stein, D.B. and Searcy, K.B. (1981) A mycoplasma-
like archaebacterium possibly related to the nucleus and cyto-
plasm of eukaryotic cells. Ann. NY Acad. Sci. 361, 312–324.
[45] Murray, D.B., Engelen, F.A., Keulers, M., Kuriyama, H. and
Lloyd, D. (1998) NO+ but not NO inhibits respiratory oscilla-
tions in ethanol-grown chemostat cultures of Saccharomyces
cerevisiae. FEBS Lett. 431, 297–299.
[46] Lloyd, D. (1993) Intracellular time keeping: epigenetic oscillations
reveal the functions of an ultradian clock in: Ultradian Rhythms
in Life Processes: an Inquiry into Fundamental Principles of
Chronobiology and Psychobiology (Lloyd, D. and Rossi, E.L.,
Eds.), Springer, New York.
